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Abstract:

Many high performance aircraft suffer from a dynamic instability problem at reatively
high Mach number and altitude regimes known as Dutch roll instability. In this study the
aircraft Dutch-roll and lateral —directional state variables may be enhanced using the yaw
damper and washout filter. The Aircraft Dutch-roll damping is improved by identifying a
suitable feedback gain matrix plus preserving the airframe's low-frequency behavior by the
use of awashout filter with a time constant. An intermediate change in terminology is used to
illustrate the procedure for including a washout filter into the aircraft lateral state equation
formulation. A stability augmentation system (SAS) and a numerical model constructed for a
Mig-21 aircraft are solved to illustrate the proposed procedure. The numerical results show
that it was sufficient to use (SAS) including both yaw damper and washout filter to improve
the aircraft sidedlip angle, roll rate and roll angle response in a short time. Finaly, the
verification of the aerodynamic characteristics of present model was made by comparing the
results of the method used (Low order three dimensional Panel method) with that of Cy-20
aircraft flight data test.

Keywords: Dutch roll damping, Yaw damper, Washout filter, Stability augmentation
system
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List of symbols
[A] Plant matriz The change in yawing moment
caused by rolling
[E] Cantrol sensitivity matrix P Taw damping
N, : :
hii Rudder effectiveness cortral The change in yawing moment

N caused by control term
d

L Lift coefficient Directional stability

Ny
CL, Lift curve slope Eoll rate
P
Cha, Fitching moment curve dope Yaw rate
r )
Ch Yawing damping derfvative . Time constant

Laplace transformation notation of
U (S) washout input

&, (@) Gaininroll angle per unit amplitude _
¥ ofrudder deflection (Bode plot) Free stream velocity

Cn Directional stablity denivative

Laplace transformation notation of

G ,s(@) Ganinroll rate per unit amplitude V(s) washout output

of rudder deflection (Bode plot)

The change 1n side force

G,z (@) Gainof ywrate per unit arplitude lting f i locit
" of rudder deflection (Bode plot) Y,Y, dresu B
prr change in vawing velocity and
CL . . . h i trol t
(7, (@) Gainin sideslip angle per urit aroplitude B
f _ respectively.
ofrudder deflection (B ode plot)
Height Fhasze change in roll rate per unit
Df N W) amplitude of rudder deflection
Moment of inertia in roll Thase change in roll angle per unit
o amplitude of rudder deflection
I, Product of inertia about or and oz Df 14 (W)
. Thase change in yvaw rate per unit
[X] Feedback matrix Df ., (W) amplitude of rudder deflection
£ Yawrate feedback FPhase change in sideslip angle per

unit amplitude of rudder deflection
Le The difiedral effect Df (W)

_ b Side slip angle
Ly The roll darmping
f Eoll Angle
I The change in rolling motment caused by
¥ .
FRWIE q Initial pitch angle
(0]

s The change 1n rolling moment caused by d .d Aileron and rudder deflection

control tetm armr
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1. Introduction

With the reguirements on aircraft to operate
at high Mach number and they typically
operate at high altitude regimes, the
associated flight dynamic have been the
subject of much interest recently. The design
of jet aircraft with acceptable Dutch roll
damping characteristics is a difficult task [1,
2].Bath of these factors (Mach and altitude)
tend to reduce the damping of Dutch roll
mode. For these reason, most jet aircraft are
equipped with full-time yaw dampers.
Michad [2] suggested a way to improve the
Dutch roll damping of jet aircraft by using
rudder trailing edge (T-strips) with yaw
damper switched off. Research has focused
(either experimentally or numerically) on
the devdopment of simulation tools for
aircraft Dutch roll response to analyze the
physics of this mode.

Bruce and Gangsaas [3] presented a method
to improve the Dutch roll damping for
aircraft operation with autopilot-on and yaw
damper-off situation. That was
accomplished by computing new feedback
gains using control design technique. A full-
state feedback system was developed which
stabilizes Dutch roll mode at cruise flight
conditions.

The previous technique have traditionally
developed the yaw damper first to control
the rudder, and then designed the autopilot
to control the ailerons. The yaw damper
system provides aircraft stabilization about
the yaw axis and it minimize the Dutch roll
during flight the aircraft by providing rudder
displacement proportional to, and opposing,
the yaw rate of aircraft [4]

In present work a stability augmentation
system is designed for Mig-21 aircraft
which is modified the Dutch roll damping
using the yaw damper and washout filter.
Theuse of ayaw damper asinitialy
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described  will introduce  potential
difficulties at low frequency values
inasmuch as pilot application of rudder
and/or aileron control to initiate a turn
command would be countermanded by the
negative yaw rate feedback of the yaw
damper. The supplementary use of washout
filter in the feedback loop is to correct for
this influence..

The object of this paper is to enhance the
state variables and Dutch roll damping
for high performance aircraft in order to
illustrate the effect of yaw damper and
washout filter on aircraft response.

2. Aerodynamic model and stability
derivatives of aircraft model

The basdine Mig-21 aircraft is considered in
this analysis. The aerodynamic modd of the
aircraft is a hybrid from modd originaly
used in flight data test Ref. [9] and in work
of SED (System Engineering Division) Ref.
[10]. According to reference [12] , a
modified technique consisting of three
dimensional low order pand method
supported by semi-empirical skin friction
drag modd has been used to predict the
aerodynamic of a complete Mig-21 fighter
aircraft. Semi-empirical formulas of Datcom
method have been interacted with the pand
results to predict the longitudinal and lateral
stability derivatives. Fig.1A,B shows the
three dimensional panding mode views of
the complete fighter aircraft configuration
Fig2 [A-E] shows some results of
aerodynamic and stability derivatives which
are used in the paper.

Also the values of dimensional stability
derivatives for Mig-21 aircraft modd are
shown in Table A1 [Appendix A]. The
verification test for aerodynamic analysis
have been made to confirm the validity of
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computer program results with the
available flight data of subsonic and
supersonic for aircraft modd (Cy-20)
[TableA2,Appendix A ] [11]. A good
agreement was obtained despite there was
3. Aircraft lateral-directional

equations of motion

The basis for analysis, computation, or
simulation of aircraft motions is the
mathematical model and its subsidiary
systems, i.e their general equations of
motion. The aircraft lateral-directional
equations of motion in general form can
be written as [5]

V8 =Y, b +Y, p+gcogyf +(Y, - V)r +Y,d

.......... (D)
p- (/1 )k=L,b +L,p+Lr+Ld
.......... )
.......... ©)
f& = P (4)

For the purpose of the subsequent analyses,
consider the lateral-directional
state vector as

= pf r]

If only rudder or aileron control were
under consideration, then the control input
would simplify to a single (scalar) value.
The plant matrix is expressed as
&, VY,V geosa, \V (¥, - VIV
[ ]:ng L, 0 L ¢
go 1 0 0
N, N, 0 N,

c

[eo Y exy e e

whereas the control sensitivity matrix is

about 5-7 % error in lift computations (due
to the effects of turbulent flow in transition
zone) and supersonic.

éYdr/V Yda/vg

e
Bl=fs L.l O
(S u
éNdr Ndafj
4. Yaw damper design for stability

augmentation

The yaw damper for the purpose of
improving aircraft Dutch-roll  model
damping will be designed using state
variable feedback concept. A yaw damper
may be viewed as a form of stability
augmentation  with its goal the
improvement of aircraft handling qualities.
An elementary form of the state vector
block diagram with the addition of
negative state vector feedback via a gain
matrix is shown in Fig.3. The command
information to the rudder is assumed as
coming from either pilot input or state
vector feedback. The solid lines in Fig.3
represent scalar terms whereas the dash
lines represent vector quantities.

The elements shown in Fig.3 are defined
asfollow:

{X} is state vector, [A] iS unaugmented

plant matrix, Byis rudder effectiveness

control and d . is feedback input
command to rudder control.
The feedback matrix will initially be

assumed as consisting only of a yaw rate
entry K, . Therefore, [K] will hav(%) the
form

[K]=[0 0 0 K]

The dual rudder inputs ater the state
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equation slightly to
{&}:[A]{X}-'-{BR}(drP +drF) (8)

Where the rudder deflection due to the
yaw damper feedback is defined as:

- =- K[ ..(9)

Combining the rudder feedback term into
the state equation provides an augmented
plant matrix in the form of

(& =[A- B.K[x} +{B}d,» ....(20)

where the

is|[A- B.K].

augmented matrix

5. Application of a Washout filter

There is a potential for a conflict with
simplified yaw damper modd described in
previous section. Pilot inputs  will
normally occur in frequency range
considerably lower than Dutch-roll modal
frequency; however, the yaw damper
considered up to this point will provide
rate-dependent feedback to the rudder
regardiess of the frequency; however, the
yaw damper considered up to this point
will provide rate-dependent feedback to
rudder regardiess of the frequency. A pilot
command to the rudder or a turn will incur
an augmentation command to suppress the
airframe's yaw rate. A suitable approach to
avoid the potential difficulty of using
single control surface for multiple
purposes is to include an appropriate filter
in the feedback circuit. For the case of a
yaw damper, the influence of state vector
feedback can be effectively removed at
low frequencies by introducing a washout
filter in the feedback circuit. The washout
filter resembles a low-pass filter in the
denominator while containing an S in the
numerator to decrease the gain beow the
corner frequency ,While the  washout
filters facilitate automatic following of a
targeted operating point, which results in

vanishing control energy once stabilization
is achieved and steady dState is
reached.Although there is no systematic
way for choosing the constants of the
washout filters and the control parameters
[6-8].

with the corresponding frequency response
being

Giw) =

W i(f+p/2)
1+iwT [1+( wT)*[?

where  f =tan*(-wT)

Blocks diagrams showing the principle of

awashout filter from two different
viewpoints are shown in Fig.4

Figure 4a shows in Laplace transform

notation the relation between input Y(s)

and output

Which factors to

Y(s) = a+T )U(S) G(g)U(s)

In the time domain, equation (12) readily
translates to

() +@/T)y=1/T)(@)

The problem with equation (13) isthat it is
not in a convenient state vector
arrangement due to the derivative action
on the input. A way to circumvent this

difficulty is to define Y in terms of U and
new state variable X, i.e.

=@WTHu- WT)X ... (14)

along with
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L=-UT)x+@Tu (19

It is straightforward to show that equation
(14) and (15) satisfy equation (13). The
added state variable X, which in general
will not have a physical meaning, is a
technique used to preserve a state variable
solution procedure in the presence of
inputs with the time derivatives. Fig. 4b is
the state variable format of the washout
filter and is consistent with equations (18)
and (19). The use of a washout filter in the
feedback circuit of the yaw damper is
shown in Fig.5. In this figured . used as
the input of the system, also it is possible
to use the aileron and rudder as the input
[13]. The state variable format for the
washout filter has been sketched into the
feedback loop between the output of the
gain  matrix [K] and the negative
feedback summation ofd .

y=@WT)[KEx}- @T)x, .6
then

{8 =[Al{x} +[B.Jd,. +{B.}d,
Alter the state equation relations to

=[A- WT)B.K[}+@WTHB} % +{BJd,,

plus the added term to account for X,

i =WTKEX- @wT)x ...as

The presence of washout filter has
increased the size of the state vector from

(4x1) to (5x1) due to the addition of X,

term. The state equation can be viewed in
its partitioned form as equivalent to
equation (18).This approach preserve the
matrix algebra tools used up to now to
solve the eigenvector problem. Here,

1{}i_éA- WT)B.K (UT)BgU
i%p & WNK -@m) 4
1{xu_ iBgi
’:\X5 g+’:\ 0 %drP
...... (19)

Equation (19) makes possible a
lateral-directional analysis using software
tools for the purpose of improving
Dutch-roll damping by identifying suitable
feedback matrix[K] plus preserving the
airframe's low-frequency behavior by the
use of a washout filter with a time
constant.

6. Results and Discussion

Mig-21 aircraft with Mach number
M =0.6and heghtH =10Km, was
taken into consideration in this analysis in
order to demonstrate the state variables
behavior and response of aircraft including
yaw damper and washout filter to enhance
the mentioned variables. The results
indicated that the transfer function of the
original modd (without yaw damper and
wash out filter) is

The lateral-directional equations of motion
as function of state variables time response
was solved in present work for the original
model. A time history plot of b, pand f
due to the assumed rudder control impulse
for a time span of time=0-15 sec is shown
in Fig.6.The exponential decay of the
sideslip angle response in Fig.6 to an
impulse like rudder input shows the
properties of a lightly damped Dutch-roll
mode. However, the rudder impulse input
excited all of the modes including the roll
and spiral modes.

A Bode plot showing the harmonic
response of the lateral-directional state
vector components per unit amplitude of

PDF created with pdfFactory Pro trial version www.pdffactory.com


http://www.pdffactory.com
http://www.pdffactory.com

ngé& Techlorirnal, Vol 27,Ma. 7,290

U [ £O3E TULUZIS - UWUUUODLLEE TUULA

8635~ 0.00848:

AAAA

Aircraft Dutch roll and state variables analysis

using yaw damper and washout filter

the rudder deflection is shown in Fig.7A.
Agreement with this approximation is
found by noting that G, ,(w) has a
constant value until the neighborhood of
the modal frequency.Byoned the modal
frequency, the gain changed at -40 dB per
decade. The phase angle curve also shows
a -180 deg change when comparison is
made at frequencies before and after the
modal frequency as shown in Fig.7B.A
Bode plot that reflects the harmonic
response behavior due to aileron
deflection is shown in Fig.8A, B.

The unaugmented value of damping ratio
for original modd is 0.0777 according to
the equation [V =0.5(- Nr)/\/N_b]. To
find the value of rate feedback K, ,in the
gain matrix of [K] in order to increase the
Dutch-roll modal dampingto V =0.2, 0.3
and to maximum value 0.45 (tested value),
The augmented matrix can be established
a feedback row vector[K]has been
assumed followed by verification that the
desired damping ratio has been obtained.

In finding the appropriate feedback
constant, iteration was done until the
desired damping levd was determined.
The numerical results indicated that the
value of K, =-0.506,-0.880 and -1.5s
for V =0.2,0.3 and 0.45. These behaviors
can be shown from the yaw damper root
locus in Figures 9 and 10. The effect of
yaw damper influence comparison with
the original modd in both gain and phase

- 0.72s*- 0.13s° +0.032s? +0.023s+0.007
s® +1.04s* +1.48s® +0.919s +0.14s- 0.0027

7. Conclusions

The enhancement of the Dutch-roll mode
damping and state variables of high
performance aircraft is analyzed including
the yaw damper and washout filter. A
siitable  feedback  matrix|[K | plus

can be displayed in Bode plot of Fig.11.
A new plant matrix and the new control
surface matrix of yaw damper

(Original model+ yaw damper)

and washout filter are adding

An improvement in sideslip angle, roll

rate and roll angle are achieved according

to existence of yaw damper. The influence

can be noted in Figures 12, 13 and 14.

° A washout filter was added to the

yaw damper feedback circuit. The
Bode plot (Fig.15) shows the
influence of the washout filter in
achieving the stated goal. It can be
seen in Fig.15a, that the reduction
in  Dutch-roll damping from
V=03 to V=1.65 due to the
presence of the washout filter is
evident as an increase in decibes
of the gan G,,, Iin the
neighborhood of the Dutch-roll
frequency. However, in the low-
frequency range, corresponding to
aircraft operations in steady turns
and/or dow pilot control inputs,
both theG,,, gain and the phase
angle functions for the yaw
damper plus washout filter are
nearly identical to those for the
basic airframe. The effect of the
washout filter on modal damping
is achieved by applying eguation
19.

preserving the airframe's low-frequency
behavior of a washout filter with a time
constant is used. The influence of the

8 Dutch roll damping for the original modd

(without yaw damper and washout filter)
was found to be weak. Furthermore the
following conclusions have been obtained
in present paper:
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1- An intermediate change in
terminology or methodology have
been wused to illustrate the
procedure for including a washout
filter into the original state
equation formulation

2- The time response of state
variables including the sidedlip
angle ,roll rate and roll angle has
been enhanced according
to(Fig.12,13 and 14)

3- The result indicated that the
N, stability derivative has the
dominant influence on a yaw
damper effect and on the root
migration.
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Appendix A

Table Al: Stability derivatives Mig-2laircraft with Mach =0.6: H=10Km.

Yy L, L, L N, N, N Y, L, N,

p r

misec® 1lsec? 1sec  lUsec  Vsec® lUsec  Usec misec?  1Usec®  Usec?

-4.62 -11.15 -0479 0248 134 0069 -0.016 0.022 6.3446  -0.7233

Table A2: Aerodynamic Characteristics Comparison Results

Mach No. Flight Data [11] Present Work Error %
0.8 0.0541 0.0505 -7.0
C,., /deg.
13 0.0607 0.0575 -55
0.8 0.0171 0.0162 -55
=)
0
13 0.0393 0.0382 -2.8
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Appendix B: The three views of Mig-21 aircraft and remote axis selection
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1. Fuselage:

Total overal length 128 m
Maximum depth 126 m
Maximum width 1.07m

2. Wing
Airfoil section 0006
Area 23 n?
Span 7.15m
Swept angle 57 deg
Thickness to chord ratio 0.044
Area of control surface (flap + aileron) 1.117 n??
Exposed root chord 6.0m
Tip chord 0.45m
Mean aerodynamic chord 40m
Aspect ratio 2.22

3. Horizontal tail
Exposed area 3.78 m?
Span 3.6m
Root chord 19m
Tip chord 09m
Swept angle 55 deg

4. Vertical tail
Exposed area 5.27 m?
Span 20m
Tip chord 147m
Root chord 3.8m
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[B]

Fig.LA,B Three dimensional paneling model views of the
completefighter Mig-21aircraft configuration
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Fig.2 [A] Mig-21 lift coefficient vs angle of
attack

[B] Aircraft lift curve slope

[C] Aircraft pitching moment curve slope

[D] Aircraft directional stability derivative

Fig.3 Block diagram of a closed-loop
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1/s
t
u(t) — UT y()—>
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Fig.4 Washout filter block diagrams
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Fig.5 Block diagram, yaw damper plus
washout filter filter
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Fig.6 Original aircraft response due
toarudder
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Bode Diagram

40

. Gfdl(vv) G od v\v) A
Z o .
— —
s P i S - B =SEE
o / Gy (W)
40 n VAT
Urd \W)

360

180 // \
Df ;4(W) 1T mf‘

-180 - 5 .
10 10 10

Freauency (rad/sec)
Fig.7 Frequency response, harmonic rudder
input
for Mig-21 aircraft.
[A] Gain vs. frequency
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Fig.8 Frequency response, harmonic aileron input
for Mig-21 aircraft.
[A] Gain vs. frequency
[B] Phase vs. frequency
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Fig.9 Yaw damper root locus
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Fig.10 More details of yaw damper root locus
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Fig.11 Bode plot showing yaw damper
influence
for Mig-21 aircraft.

[A] G4, Vs frequency
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Fig.13 Effect of yaw damper on roll rate
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Fig.14 Effect of yaw damper on roll angle
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Fig.15 Bode plot showing washout influence
for Mig-21 aircraft.

[A] G4, vs frequency [B] Df 4, vs. frequency
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